Plastics are one of the most ubiquitous and conspicuous environmental pollution threats accumulating in natural habitats worldwide. In the ocean, as a result of the actions of sunlight, wind and waves, plastic items are fragmented into microplastics, which are consumed by primary consumers such as filter-feeders, with detrimental consequences to these organisms. Despite the known harmful effects of microplastics, few data are available on their effects on marine invertebrates at the molecular level. The present study evaluates the expression of 12 genes associated with cellular stress, immune response and metabolism on four tissues (gills, digestive gland, haemolymph and mantle) of Mytilus galloprovincialis, after an acute (24 h) exposure to a concentration of 1.5E+7 microbeads of polyethylene per litre (ranging from 1 to 50 μm in size). Analysis showed up-regulation of genes relative to carbon metabolism, oxidative stress, immune response and apoptosis, in the mantle and digestive gland, while a global down-regulation of genes involve in carbon metabolism was observed in the haemolymph and gills. Altogether these results suggest disruptive and tissue-dependent effects on major biological processes following a short exposure to microplastics in M. galloprovincialis. This study provides the first evidence that ingestion of microbeads of polyethylene by filter-feeders induces changes in a tissue-dependent manner at the transcriptome level.
INTRODUCTION
Plastics are one of the most popular materials in modern times with a global production of about 300 million tons in 2015 (PlasticsEurope, 2015) . Of particular concern are landfill wastes that, through indiscriminate disposal, are entering the marine environment. It is estimated that up to 10% of plastics produced end up in the oceans, where they may persist and accumulate (Gregory, 2009) . Thus, in the ocean the fragmentation of larger plastic items by mechanical, photolytic or biological processes is one of the main sources of microplastics, which are small plastic particles < 5 mm in size. The other main origin of these microplastics derives from the use of plastic particles as abrasive scrubbers in cleaning products (Zitko & Hanlon, 1991; Gregory, 1996; Derraik, 2002) . Despite the fact that plastics are ubiquitous and worldwide in the ocean, the potential detrimental effects of microplastics on marine organisms have only begun to receive attention over the last ten years. As microplastics occupy the same size range as plankton, they have the potential for uptake by ingestion and by food-gathering structures (e.g. gills) by a wide range of animals (Betts, 2008; Thompson et al., 2009 ). Uptake of microplastics by different feeding-type groups depends upon the size, shape and density of the particles. Laboratory trials have shown that detritivores (e.g. amphipods), filter-feeders (e.g. bivalves, echinoderms, polychaetes) and depositfeeders can ingest small fragments of polyvinyl chloride (PVC) or polystyrene (PS) (Ward & Shumway, 2004; Browne et al., 2008; Besseling et al., 2013; Van Cauwenberghe & Janssen, 2014) . However, filter-feeders may be most vulnerable to microplastics, as they filter large volumes of water and can potentially ingest large quantities of plastic particles (Browne et al., 2013; Wright et al., 2013a) . Indeed, recent studies in the field have shown that molluscs such as mussels are capable of ingesting and accumulating microplastics, leading to a putative transfer to humans via the food chain (Van Cauwenberghe & Janssen, 2014; Rochman et al., 2015) .
Various studies investigating the impact of microplastics on filterfeeders such as mussels, oysters or worms have shown that ingestion of microplastics can have detrimental effects on numerous biological processes. For instance, laboratory trials performed on the lugworm Arenicola marina exposed to PVC or PS have shown a reduction in feeding activity, energy reserves, growth and fecundity (Besseling et al., 2013; Browne et al., 2013; Wright et al., 2013a) . Similar results have been found for bivalves. A recent laboratory study on Crassostrea gigas exposed to a concentration of 1,800 PS microbeads (2 μm) per ml have shown a dramatic feeding and reproductive disruption and significant impacts on offspring . Feeding responses to microplastic exposure has been investigated particularly in Mytilus edulis. Most such studies have focused on the physical damage and physiological response of this organism to an exposure to nano-PS, showing a reduction in filtration rates (Wegner et al., 2012) , a translocation of PS beads into the circulatory system (Browne et al., 2008) and a decrease in available energy (Van Cauwenberghe et al., 2015) . Von Moos, Burkhardt-Holm & Köhler (2012) investigated mussel health status after an exposure to an elevated concentration (2.5 mg/ml) of high-density polyethylene (HDPE) and observed a strong inflammatory response associated with significant tissue damage. While conspicuous effects of microplastics have been shown on physiology and health status, few studies have been performed at a molecular level. Molecular analysis contributes to a better understanding of the complex responses of organisms facing different stressors. In two of these few studies, authors exposed mussels to PS for 7 d and observed an enrichment of transcripts involved in antioxidant defence, detoxification, the immune system or in carbon metabolism in the digestive gland (Avio et al., 2015; Paul-Pont et al., 2016) . However, the general down-regulation observed for apoptotic processes suggests that mussels could present a PS-specific signature.
The aim of our study was to investigate the mode of action at the molecular level by which an elevated and static exposure to microplastics could cause adverse effects on the tissues and health of Mytilus galloprovincialis. To do so, the expression of 12 selected genes involved in different biological processes, such as glucide metabolism, immunity, apoptosis or detoxification, was measured in four different tissues (digestive gland, gills, haemolymph and mantle) after a 24-h exposure to 1.5E+7 microbeads (size 1-50 μm) of polyethylene per litre. This exposure concentration is higher than that found generally in the field, but was chosen to correspond to a pollution hotspot (Lenz, Enders & Gissel, 2016; Sussarellu et al., 2016) .
MATERIAL AND METHODS

Animal collection
Mytilus galloprovincialis was sampled on 9 June 2016 on the shore at Tumbes, Chile (36°38′27″N, 73°05′37″W). A stock of c. 100 mussels (average size 5.5 cm ± SD 0.6) was acclimated for 1 week in one large flow-through maintenance tank, with circulating filtered sea water at 14°C and fed daily with Isochrysis galbana (0.1 g algae per litre). Then, prior to experiment, mussels were starved for 24 h to homogenize their feeding status.
Experimental setup and sampling
The basic experimental setup consisted of four glass tanks, each containing 25 l of filtered sea water (5 µm filter; salinity 31.7 g salt per kg sea water) and 20 mussels, selected randomly from the main stock tank. Two tanks received the polyethylene particle treatment and two tanks served as unexposed negative controls. The polyethylene used is a synthetic polymer powder HDPE (abifor 1300/20, Abifor Zürich, Switzerland) with grain size of 1-50 μm and free of any additive. Powder was added to the treatment tanks to achieve a concentration of 1.5E+7 microbeads per litre. In each tank two aeration systems were provided (one stone at the bottom and one tube at the top) in order to optimize the distribution and suspension of HDPE in the tank. Mortality of exposed mussels was null in this experiment. The static exposure experiment was conducted over 24 h at a constant temperature of 14°C and with a 12 h light-dark illumination regime. During this period, mussels were fed once with I. galbana at a concentration of 0.1 g/l. Then, ten mussels from treatment tanks (i.e. five per tank) and ten from control tanks (i.e. five per tank) were chosen randomly. Haemolymph from the adductor muscle was collected using a disposable syringe and processed immediately; mantle, digestive gland and gills were dissected, placed in RNAlater and stored at −80°C until analysis.
RNA extraction
Haemolymph of each individual was centrifuged at 3000 g for 20 min at 4°C to separate the haemocytes from the serum. Supernatants were discarded and 1 ml of TRIzol reagent (Invitrogen, Life Technologies, San Diego, CA) was added. Samples were lysed in a Retsch MM 200 Mixer Mill (Retsch Inc., Dusseldorf) at 20 Hz for 5 min. Thereafter the RNA of the four tissues (haemolymph, mantle, gills and digestive gland) of each individual (exposed and control, n = 10 for each condition) was extracted using the standard protocol for RNA extraction with TRIzol reagent following the manufacturer's instructions. Briefly, the phases were separated with 100% chloroform and nucleic acid precipitated with 100% isopropanol after cooling at −20°C. The extracted total RNA was washed twice with 75% ethanol cooled to −20°C and then treated with DNAse (1 U/μl; corresponding to 1 μl of DNAse in an RNA sample of 50 μl at a concentration of 400 ng/μl) (DNAse I, Thermo Scientific, Wilmington, VA) to eliminate any potential genomic DNA contamination. The RNA concentration and purity were measured in a ND-1000 spectrophotometer (Nanodrop Technologies, Thermo Scientific) and its integrity visualized by electrophoresis in a 1.2% MOPS-agarose gel under denaturing conditions. The first cDNA strain was retrotranscribed from 200 ng of purified RNA using the RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Scientific) in accordance with the manufacturer's instructions.
Analysis of gene expression by quantitative real-time PCR
A quantitative real-time PCR (RT-qPCR) assay method using Mastercycler Step One Plus (Applied Biosystem) was applied to study the expression profiles of selected genes in each individual. [FADD] ) and two genes involved in the response to oxidative stress (catalase and superoxide dismutase [SOD]) were investigated. Primers were designed using Geneious software.
To determine the best reference genes, the stability of three putative reference genes (elongation factor 1, 28 S ribosomal RNA and α tubulin) was further analysed using the NormFinder algorithm (Andersen, Jensen & Ørntoft, 2004; Sinha et al., 2015) resulting in values of 0.089, 0.069 and 0.032, respectively. Thus, α tubulin, which has the lowest stability value, was shown to be the most stable and was used as reference gene in this study.
Candidate genes were quantified by PCR using 1.5 U of Taq polymerase (Fermentas, Thermo Scientific) in a reaction of 25 μl that included 1× enzyme buffer, BSA (0.2 μg/μl), MgCl 2 (1.5 mM) and the respective sense and antisense primers at a concentration of 500 nM. PCR cycles consisted of an initial denaturing run of 5 min at 95°C, followed by 35 cycles of denaturing at 95°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 30 s, then a final extension run at 72°C for 7 min. Amplification products were visualized on agarose gels stained with ethidium bromide. For all the primers used, we confirmed successful amplification by size and existence of a sole band in electrophoresis. Dynamic ranges analyses were conducted to obtain qPCR efficiencies (Table 1 ). The calibration curve of these runs consisted of five serial dilutions of a 200 ng cDNA with a serial factor of 1:5, which were amplified with primers for each target gene. After qPCR reactions a melting curve was performed in the same instrument to verify the presence of a single amplification product and the absence of contaminations in the negative controls. Then, after verification of efficiencies and single amplification, a RT-qPCR was performed with StepOnePlu (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) using the comparative ΔΔCt method described in previous studies (MaldonadoAguayo et al., 2013; Nunez-Acuna et al., 2013) with three technical replicates by sample (Table 1) .
Statistical analysis
Data from qPCR experiments were analysed with a Tukey's test, using the software JMP v. 9. The differences were considered statistically significant at P < 0.05.
RESULTS
To investigate the impact of the polyethylene microplastic on the glucide metabolism of Mytilus galloprovincialis, we analysed the expression of a glycolytic enzyme along with two enzymes involved in the tricarboxylic acid (TCA) cycle (Fig. 1A) . Exposure to polyethylene led to two distinct expression patterns, depending on the tissue. While the ingestion of microplastic led to a significant downregulation of both PK and SD in the haemolymph and gills, a significant up-regulation of the expression of these two genes occurred in the digestive gland and mantle. Interestingly, the expression of ID followed the same pattern as the two other enzymes in the haemolymph and mantle, whereas no significant differences were observed between treated and control individuals in the digestive gland and gills. These results suggest that following a static microplastic exposure, the utilization of glucose is boosted in mantle and digestive gland, while it is slowed down in gills and haemolymph.
As mentioned above (see Introduction), ingestion of microplastics by filter-feeders is known to decrease the energy reserves allocated to growth and reproduction, suggesting a putative reallocation of energy to other functions. As the immune system is considered to be energetically expensive (Segerstrom, 2007) , we investigated the expression of four genes involved in the immunity of mussels (Fig. 1B) . The innate immune response, the first barrier of defence against pathogens, includes a diverse group of receptor genes as well as immune effectors referred to as antimicrobial peptides. We studied the expression of two receptors (PGRP and TLR) and two antimicrobial peptides, myticin A and mytilin B. Here, no pattern was found. After exposure, the expression of PGRP decreased in the digestive gland and haemolymph, whereas the expression of TLR increased in the digestive gland and mantle, with no changes in expression in other tissues. Likewise, the expression of the two antimicrobial peptides is quite different. Myticin A was up-regulated in the digestive gland and mantle and down-regulated in the gills, whereas mytilin B was up-regulated in the gills, haemocytes and mantle and down-regulated in the digestive gland.
The expression of three apoptotic genes that, among other functions, are involved in the maintenance of immune system homoeostasis was investigated after exposure to the microplastic. Each of these genes showed a different pattern. While p53 was up-regulated in the four tissues, FADD was significantly up-regulated in the digestive gland and mantle and no strong effects were observed in the gills and haemolymph. Caspase 3/7, one of the main apoptotic effectors, was significantly up-regulated only in the mantle.
Finally, two biomarkers of antioxidant defence were analysed, SOD and catalase. These two genes were up-regulated following exposure in the digestive gland and mantle, suggesting an increase of reactive oxygen species in these two tissues and the necessity for their detoxification.
Principal component analysis revealed gene expression patterns for two principal components (PC1 and PC2), which accounted for 67.3% of gene expression variability (Fig. 2) . In the case of mantle tissue, PC1 showed the main separation between control and treated individuals, whereas both PC1 and PC2 revealed this separation for the digestive gland. This analysis confirms that gene expression seems to be related to the effect of the ingestion of microplastics, but with a different patterns in each tissue. The response of digestive gland and mantle is quite similar, but differs from that of haemolymph and gills.
DISCUSSION
The impact of large plastics items on marine wildlife has been investigated in numerous species such as turtles, sealions and seabirds and is often clearly visible as entanglement or physical damage (Barnes, Walters & Gonçalves, 2010; Andrady, 2011). In Table 1 . List of candidate genes used in this study, with GenBank accession numbers, efficiency, melting temperature (T m ), base-pair length and primer sequences. Figure 1 . Relative transcript levels for each candidate gene of Mytilus galloprovincialis after exposure to polyethylene microplastic beads. Each group represents a biological function: carbohydrate metabolism (A), immune system (B), apoptosis (C) and detoxification system (D). Asterisks indicate significant difference from control, with P < 0.05. Abbreviations: DG, digestive gland; H, haemolymph; PE, polyethylene. n = 10 for each condition.
contrast, ingestion of microplastics by invertebrates does not lead to visible wounding, yet their negative impact on health, reproduction and growth has been shown. In this study we investigated the adverse effects of a 24-h exposure to 1.5E+7 microplastic particles per litre by measuring postexposure expression levels of 12 genes involved in major biological processes (metabolism, immunity, apoptosis and response to oxidative stress) in digestive gland, gills, haemolymph and mantle of Mytilus galloprovincialis. Our results show that key enzymes of metabolism (glycolysis and TCA cycle) are impacted by the ingestion of microbeads, with down-regulation of three genes in both haemolymph and gills and their up-regulation in mantle and digestive gland. Considering the important role of the digestive gland and mantle in the transfer of assimilated food to body tissues and in glycogen storage, respectively (Patterson, Parker & Neves, 1999) , we hypothesize that the ingestion of microplastics may provoke adverse effects that require an augmentation of energy production to maintain the organism's homoeostasis. A similar hypothesis has been suggested by Paul-Pont et al. (2016) to explain the observed up-regulation of glycolytic enzymes in the digestive gland of Mytilus sp. after a 7-d exposure to PS microbeads. Alternatively, Sussarellu et al. (2016) suggested that the increase in digestion activity might be a result of mechanical disruption caused by the alteration of food uptake in the presence of microplastic particles. Nevertheless, physiological measurements after a short (< 1 h) nanoplastics exposure and a 2-d exposure to HDPE microplastic revealed an inflammatory cellular response as well as production of reactive oxygen species (Von Moos et al., 2012; Canesi et al., 2015) . The induction of immune processes and antioxidant systems that follow inflammation and the high production of reactive oxygen species may also require an increase in energy production (Palais et al., 2012) as hypothesized above.
To test our hypothesis, the expression of genes involved in processes requiring energy such as immunity, homoeostasis or antioxidant defence were analysed. The two immune receptors (PGRP and TLR) are mainly involved in the recognition of pathogenic bacteria, while the antimicrobial peptides myticin A and mytilin B, which are expressed mainly in circulating haemocytes (Mitta et al., 1999; Mitta, 2000) , are all up-regulated in the mantle after microplastic exposure. Likewise, three genes involved in apoptosis, p53, FADD and caspase 3/7, are up-regulated not only in the mantle, but also in the digestive gland, whereas for other tissues no pattern stands out. Apoptosis is of particular interest as it plays a key role in the maintenance of immune system homoeostasis and is often considered as a defence mechanism against pathogens (Koyama, Akio & Irie, 2003; Opferman & Korsmeyer, 2003) , although it can also be an indicator of a general response to stress (Kültz, 2005) . Furthermore, the two biomarkers of antioxidant response are also up-regulated in digestive gland and mantle, suggesting that microplastics may modulate the mussel's oxidative system. Such perturbations were also observed in the digestive gland of mussels exposed to PS and polyethylene using microarray (Avio et al., 2015) .
Taken together, these results show disruptive and tissuedependent effects of a short microplastics exposure on major biological processes in M. galloprovincialis. An important implication is that the damage provoked by the ingestion of microplastics, and the inflammation that follows, may require the production of stress, immune and antioxidant proteins to maintain the global homoeostasis of the organism and demand an increased production and utilization of energy. Longer-term studies on a larger set of genes in different tissues are needed to confirm our hypothesis and to investigate the chronic effects of exposure to microplastics. We emphasize that the tissue-dependent response observed in this study shows that future research on the impact of microplastics on mussels should take a range of tissues into account to gain a better understanding of the response of the whole organism. 
